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(57)	 ABSTRACT
A wireless sensing system monitors the level, temperature,
magnetic permeability and electrical dielectric constant of a
non-gaseous material in a container. An open-circuit electri-
cal conductor is shaped to form a two-dimensional geometric
pattern that can store and transfer electrical and magnetic
energy. The conductor resonates in the presence of a time-
varying magnetic field to generate a harmonic response. The
conductor is mounted in an environmentally-sealed housing.
A magnetic field response recorder wirelessly transmits the
time-varying magnetic field to power the conductor, and
wirelessly detects the harmonic response that is an indication
of at least one of level of the material in the container, tem-
perature of the material in the container, magnetic permeabil-
ity of the material in the container, and dielectric constant of
the material in the container.
23 Claims, 10 Drawing Sheets
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WIRELESS SENSING SYSTEM FOR
NON-INVASIVE MONITORING OF
ATTRIBUTES OF CONTENTS IN A
CONTAINER
Pursuant to 35 U.S.C. §119, the benefit of priority from
provisional application 60/885,282, with a filing date of Jan.
17, 2007, is claimed for this non-provisional application.
ORIGIN OF THE INVENTION
This invention was made by an employee of the United
States Government and may be manufactured and used by or
for the Government of the United States of America for gov-
ernmental purposes without the payment of any royalties
thereon or therefore.
BACKGROUND OF THE INVENTION
1. Field of the Invention
This invention relates to wireless sensing systems. More
specifically, the invention is a wireless sensing system for
non-invasive monitoring of attributes of a non-gaseous mate-
rial in an electrically non-conductive container (e.g., level,
temperature, change to contents' magnetic permeability,
dielectric constant and other measurable property attributes.
A further embodiment of the present invention monitors the
attributes of a non-gaseous material in an electrically conduc-
tive container.
2. Description of the Related Art
Fluid level and/or other attributes (e.g., temperature, mag-
netic permeability, dielectric constant) of a fluid in a container
are typically monitored by a device positioned or installed in
the container. For example, a container's fluid level could be
monitored manually using a conventional dipstick that is
inserted into the container and then removed with the fluid
level being indicated on the dipstick. A variety of "in con-
tainer" fluid level measurement systems using floats, capaci-
tive probes and fiber optics are also well known in the art.
More recently, a wireless fluid level measuring system was
disclosed in U.S. Pat. No. 7,255,004. Briefly, this system
includes a level-sensing probe positioned in a tank. The probe
is divided into sections, with each section including (i) a
fluid-level capacitive sensor disposed along the length
thereof, (ii) an inductor electrically coupled to the capacitive
sensor, (iii) an external antenna positioned for inductive cou-
pling to the inductor, and (iv) an electrical conductor coupled
to the external antenna. An electrically non-conductive hous-
ing accessible from a position outside of the tank houses
inductors arrayed in a pattern. A magnetic field response
recorder has a measurement head with transceiving antennas
arrayed therein to correspond to the pattern of the housing's
inductors. When a measurement is to be taken, the measure-
ment head is mechanically coupled to the housing so that each
housing inductor is substantially aligned with a specific one
of the transceiving antennas.
While the various manual and automatic fluid level mea-
surement systems generally perform well, it is not always
possible or prudent to position/install a fluid level measure-
ment or other fluid attribute monitoring system in a container.
SUMMARY OF THE INVENTION
Accordingly, it is an object of the present invention to
provide a wireless system that can non-invasively monitor
one or more attributes of the contents of a container.
2
Another object of the present invention is to provide a
system that can monitor the contents of a container from a
position that is outside of the container.
Still another object of the present invention is to provide a
5 system that can monitor the contents of an electrically con-
ductive container.
Other objects and advantages of the present invention will
become more obvious hereinafter in the specification and
drawings.
10 In accordance with the present invention, a wireless sens-
ing system is provided for monitoring one or more of the
level, temperature, magnetic permeability and electrical
dielectric constant of a non-gaseous material in an electrically
non-conductive container. The magnetic permeability and the
15 dielectric constant of the material in the container can be
correlated to the physical state of the material. An environ-
mentally-sealed housing that is electrically non-conductive is
positioned adjacent to the container that stores the non-gas-
eous material. The housing spans a selected height of the
20 container. An electrical conductor having first and second
ends is shaped to form a two-dimensional geometric pattern
between its first and second ends. The conductor in the geo-
metric pattern defines an open-circuit that can store and trans-
fer electrical and magnetic energy. The conductor resonates in
25 the presence of a time-varying magnetic field to generate a
harmonic response. The conductor is mounted in the housing
such that the geometric pattern substantially spans the
selected height of the container. A magnetic field response
recorder wirelessly transmits the time-varying magnetic field
30 to power the conductor. The magnetic field response recorder
also wirelessly detects the harmonic response that is an indi-
cation of at least one of level of the material in the container,
temperature of the material in the container, magnetic perme-
ability of the material in the container, and dielectric constant
35 of the material in the container. In a further embodiment of the
present invention, a sensing system is provided for monitor-
ing one or more attributes of a non-gaseous material in an
electrically conductive container.
40	 BRIEF DESCRIPTION OF THE DRAWINGS
FIGS. la and lb are an isometric view and a schematic
view, respectively, of a wireless and non-invasive sensing
system that can be used to monitor various attributes of the
45 contents of a container in accordance with an embodiment of
the present invention;
FIG. 2 is an isolated plan view of a spiral trace sensor in
accordance with an embodiment of the present invention;
FIG. 3 is a schematic view of an embodiment of a magnetic
50 field response recorder that can be used to interrogate the
sensor in the present invention;
FIG. 4 is a schematic view of a wireless and non-invasive
sensing system in accordance with another embodiment of
the present invention;
55	 FIG. 5 is a schematic view of a spiral trace sensor whose
traces are non-uniform in width;
FIG. 6 is a schematic view of a spiral trace sensor having
non-uniform spacing between the traces thereof,
FIG. 7 is a schematic view of a spiral trace sensor having
60 non-uniform trace width and non-uniform trace spacing;
FIG. 8 is a schematic view of a wireless sensing system of
the present invention positioned adjacent to a container filled
with contents that are to be monitored in accordance with the
present invention;
65 FIG. 9 is a side schematic view of the setup in FIG. 8
illustrating geometric parameters used when processing data
recorded by the system of the present invention;
US 7,814,786 B2
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	FIG. 10 is a plan view of a spiral trace sensor illustrating the 	 electrical and magnetic energy. For the illustrated sensor 12,
sensor's straight-length portions;	 the trace width W and spacing d between adjacent trace runs
	
FIGS. lla and llb are side and top schematic views,	 have been exaggerated for purpose of illustration. Details of
	
respectively, of a sensing system that can be used to monitor 	 sensor 12 are disclosed in co-pending U.S. patent application
various attributes of the contents of an electrically conductive 5 Ser. No. 11/671,089, filed Feb. 5, 2007, the contents of which
	
container in accordance with an embodiment of the present 	 are hereby incorporated by reference and are repeated herein
invention;	 to provide a complete description of the present invention.
	
FIGS. 12a, 12b and 12c illustrate a further embodiment of 	 Spiral trace sensor 12 is made from an electrically-conduc-
	
a sensing system that can be used to monitor various attributes	 tive run or trace that can be deposited onto a substrate or other
of the contents of an electrically conductive container. 	 io surface (not shown) prior to being sealed in housing 14.
	
FIG. 13 illustrates an array of inductively coupled sensors. 	 Sensor 12 could also be deposited onto a substrate material
	
FIG. 14 illustrates an array of three inductively coupled	 that is part of housing 14. The particular choice of the mount-
	
sensors encased in an electrically non-conductive material
	
ing of sensor 12 in housing 14, choice of substrate material(s)
	
with the upper sensor being directly powered and interro- 	 and/or choice of substrate construction (if used) will vary
gated.	 15 depending on the application.
Sensor 12 is a spiral winding of conductive material with
DETAILED DESCRIPTION OF THE INVENTION	 its ends 12A and 12B remaining open or unconnected.
Accordingly, sensor 12 is said to be an open-circuit. Tech-
	
Referring now to the drawings and more particularly to 	 niques used to deposit sensor 12 either directly onto a surface
FIG. 1, a wireless and non-invasive sensing system for moni- 20 or on/in a substrate material can be any conventional metal-
	
toring a variety of attributes of a container's contents in accor- 	 conductor deposition process to include thin-film fabrication
	
dance with an embodiment of the present invention is shown	 techniques. In the illustrated embodiment, sensor 12 is con-
	
and is referenced generally by numeral 10. The container is	 structed to have a uniform trace width throughout (i.e., trace
	
referenced by numeral 100 and the contents thereof are ref- 	 width W is constant) with uniform spacing (i.e., spacing d is
erenced by numeral 102. For purpose of one embodiment of 25 constant) between adjacent portions of the spiral trace. How-
	
the present invention, container 100 is constructed from elec- 	 ever, as will be explained further below, the present invention
	
trically non-conductive materials). Contents 102 in container 	 is not limited to a uniform width conductor spirally wound
	
100 can be any non-gaseous material or substance (e.g., solid 	 with uniform spacing.
	
material, fluid, fluid-like substance such as a granular or 	 As is well known and accepted in the art, a spiral inductor
powdered material, or an amorphous material such as a 30 is ideally constructed/configured to minimize parasitic
	
sludge or slurry, etc.) that possesses magnetic permeability 	 capacitance so as not to influence other electrical components
and/or electric dielectric properties. 	 that will be electrically coupled thereto. This is typically
	
Sensing system 10 includes a sensor 12 sealed within a 	 achieved by increasing the spacing between adjacent conduc-
	
housing or encasement 14 that protects sensor 12 from the 	 tive portions or runs of the conductive spiral trace. However,
outside environment and a means to inductively power and 35 in the present invention, sensor 12 is constructed/configured
	
interrogate sensors, such as a magnetic field response 	 to have a relatively large parasitic capacitance. The capaci-
	
recorder 16. Magnetic field response recorder includes an 	 tance of sensor 12 is operatively coupled with the sensor's
	
antenna 164 for powering and interrogating sensors. Housing 	 inductance such that magnetic and electrical energy can be
	
14 is any electrically non-conductive sealed or sealable hous- 	 stored and exchanged between the sensor's magnetic field
ing or package that can maintain sensor 12 in its geometric 4o and electric field. Since other geometric patterns of a conduc-
	
configuration (to be described further below) when housing 	 tor could also provide such a magnetic/electrical energy stor-
	
14 is positioned adjacent to container 100 such that sensor 12 	 age and exchange, it is to be understood that the present
	
spans a selected vertical portion of container 100. The	 invention could be realized using any such geometrically-
	
selected vertical portion is dependent on the function of sens- 	 patterned conductor and is not limited to a spiral-shaped
ing system 10. For example, when sensing system 10 is to be 45 sensor.
	
used to monitor the level of contents 102 in container 100,	 The amount of inductance along any portion of a conduc-
	
sensor 12 should be configured to span the portion of con- 	 tive run of sensor 12 is directly related to the length thereof
	
tainer 100 that can be filled with contents 102. Housing 14 can	 and inversely related to the width thereof. The amount of
	
be a rigid housing designed to stand on its own alongside 	 capacitance between portions of adjacent conductive runs of
container 100. However, housing 14 could also be a flexible 50 sensor 12 is directly related to the length by which the runs
	
package designed to be mounted on or adhered to the side of 	 overlap each other and is inversely related to the spacing
	
container 100. When the measurement system 10 is used with 	 between the adjacent conductive runs. The amount of resis-
	
a container having contents 102 that produce combustible, 	 tance along any portion of a conductive run of sensor 12 is
	
corrosive or caustic vapors, a vapor barrier 214 or electrically 	 directly related to the length and inversely related to the width
non-conductive bulkhead can be placed between the recorder 55 of the portion. Total capacitance, total inductance and total
	
16 and the sensor 12 and the container 100 as a means of	 resistance for spiral trace sensor 12 are determined simply by
	
isolating the vapors from the electrical components in mag- 	 adding these values from the individual portions of sensor 12.
	
netic field response recorder, The encasement 14 ofthe sensor 	 The geometries of the various portions of the conductive runs
	
12 prevents the sensor from being exposed to the vapors. 	 of the sensor can be used to define the sensor's resonant
Accordingly, it is to be understood that housing 14 can be 60 frequency.
	
realized in a variety of ways without departing from the scope	 Spiral trace sensor 12 with its inductance operatively
of the present invention. 	 coupled to its capacitance defines a magnetic field response
	
By way of example, sensor 12 comprises an open-circuit 	 sensor. In the presence of a time-varying magnetic field,
	
spiral trace as shown in an isolated plan view in FIG. 2. 	 sensor 12 electrically oscillates at a resonant frequency that is
However, it is to be understood that an open-circuit sensor In 65 dependent upon the capacitance, inductance and resistance of
	
the present invention can be any electrically-conductive, twos	 sensor 12. This oscillation occurs as the energy is harmoni-
	
dimensional geometric pattern that can store and transfer 	 cally transferred between the inductive portion of sensor 12
US 7,814,786 B2
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(as magnetic energy) and the capacitive portion of sensor 12
(as electrical energy). In order to be readily detectable, the
capacitance, inductance and resistance of sensor 12 and the
energy applied to sensor 12 from the external oscillating
magnetic field should be such that the amplitude of the sen-
sor's harmonic response is at least 10 dB greater than any
ambient noise where such harmonic response Ls being mea-
sured.
The application of a time-varying magnetic field to sensor
12 as well as the reading of the induced harmonic response at
a resonant frequency is accomplished by a magnetic field
response recorder 16 that is illustrated schematically in FIG.
3. The operating principles and construction details of
recorder 16 are provided in U.S. Pat. Nos. 7,086,593 and
7,159,774, the contents of which are hereby incorporated by
reference. Briefly, magnetic field response recorder 16
includes a processor 162 and a broadband radio frequency
(RF) antenna 164 capable of transmitting and receiving RE
energy. Processor 162 includes algorithms embodied in soft-
ware for controlling antenna 164 and for analyzing the RE
signals received from sensor 12. On the transmission side,
processor 162 modulates an input signal that is then supplied
to antenna 164 so that antenna 164 produces either a broad-
band time-varying magnetic field or a single harmonic field.
On the reception side, antenna 164 receives harmonic mag-
netic responses produced by sensor 12. Antenna 164 can be
realized by two separate antennas or a single transceiving
antenna (as shown) that is switched between transmission and
reception. Antenna 164 can be internal to the magnetic field
response recorder 16 or coupled to processor 162 via an
external connector 18 as shown in FIG. lb. For an operational
scenario where sensor 12 is to be read by a user, recorder 16
can be handheld, mounted on a robot, or mounted to a piece of
handling equipment (e.g., conveyor, lift, shelf, etc.) without
departing from the scope of the present invention.
The antenna portion (e.g., antenna 164) of magnetic field
response recorder 16 could also be placed in housing 14 in a
spaced apart relationship with sensor 12 as illustrated in FIG.
4. However, this will necessitate a hard wire connection 18
between antenna 164 and the processor portion of recorder
16. When the measurement system 10 is used with a container
having contents 102 that produce combustible, corrosive or
caustic vapors, a vapor barrier or electrically non-conductive
bulkhead 214 can be placed between the recorder 16 and
antenna 164 and the sensor 12 and the container 100 as a
means of isolating the vapors from the electrical components
in magnetic field response recorder 16 and antenna assembly
164, The encasement 14 of the sensor 12 prevents the sensor
from being exposed to the vapors.
As mentioned above, both the width of the sensor's con-
ductive trace and the spacing between adj acent portions of the
conductive trace can be uniform as shown in FIG. 2. However,
the present invention is not so limited as will be shown by the
following three examples. FIG. 5 illustrates a sensor 52 in
which the width of the conductive trace is non-uniform while
the spacing between adjacent portions of the conductive trace
is uniform. FIG. 6 illustrates a sensor 62 in which the width of
the conductive trace is uniform, but the spacing between
adjacent portions of the conductive trace is non-uniform.
Finally, FIG. 7 illustrates a sensor 72 having both a non-
uniform width conductive trace and non-uniform spacing
between adjacent portions of the conductive trace.
As described above, the length/width of the conductive
trace and the spacing between adjacent portions of the con-
ductive trace determine the capacitance, inductance and resis-
tance (and, therefore, the resonant frequency) of a spiral trace
sensor in the present invention. In addition, the sensor's reso-
6
nant frequency can be modified by providing a dielectric
material (i) that resides between adjacent portions of the
sensor's conductive trace, or (ii) that encases the sensor's
conductive trace (e.g., when housing 14 is formed/molded
5 about sensor 12). In a similar manner, other electrically con-
ductive geometric patterns that can store both electric and
magnetic energy can be tailored geometrically to prescribe a
desired frequency.
10 Sensing system 10 of the present invention can be used to
non-invasively monitor a variety of attributes of contents 102.
As will be described below, these attributes include the tem-
perature of contents 102, the level of contents 102 in container
100, dielectric changes experienced by contents 102, and
15 (magnetic) permeability changes experienced by contents
102. The value of the magnetic permeability and the dielectric
constant of the material in the container can be correlated to
the physical state of the material. The manner in which sens-
ing system 10 monitors these attributes will now be explained
20 with simultaneous reference to FIGS. 8-10, where a typical
system set-up is shown in FIG. 8 with key geometric param-
eters being annotated in FIGS. 9 and 10. For clarity of illus-
tration, housing 14 is not illustrated in FIGS. 8-10.
For simplicity of discussion, sensor 12 consists of a single,
25 electrically-conductive spiral trace. The trace has inherent
inductance, capacitance and resistance. Sensor 12 is essen-
tially a series of portions, with each portion having a length
@,.as shown in FIG. 10. The responding magnetic field B,,,(R)
of the geometric-patterned sensor 12 at any point in space is
30 due to the combined response of each element d@, along all the
sensor portions 1,,. Each element d@, is at a distance r from a
point on receiving antenna 164. The interrogated response is
the result of the response of all d@,.s creating a magnetic flux
acting upon the receiving antenna.
35 The inductance and resistance are the sum of the induc-
tance and resistance, respectively, of all sensor portions. The
capacitance is the sum of the combined capacitance in the
spacing between the traces. Therefore, for n sensor portions,
when a sensor is electrically excited via Faraday induction,
40 the magnetic field response produced by the sensor trace at
any point in space is
	
d (D	 (1)
45	 µ ^^ dt	 0	 dl;sin0;
BRx (R) = 4n
	 z z ^	 r?
	
S + R	 ^;
with
(2)
50	 L=^L1,
(3)
R=^R;,
55	 4	 (4)
C=^C;,
and
601
	
(5)
0 S= &)L-	
The sensor response at any point in space is the summation of
65 response of each element d@, at a distance r from the element,
The angle, 0 , is formed by the line from the element to the
point in space and the direction of the current flowing through
(7)
15
_ d (DBTX
£	 dt ( dC,isin0i
YZ
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d@,. The magnetic flux, (DBrX, from the external transmitting 	 maximum at a fixed frequency separation, Aw, from the reso-
antenna acting on the sensor is 	 nant frequency, co,, where
(DBTX fBTX dS
	 (6)	 w*ter Aw	 (11)
B TXis a vector whose direction and magnitude are those of the
magnetic field from the transmitting antenna. S is a surface
vector whose direction is that of the sensor surface normal
and whose magnitude is the area of the sensor surface.
In accordance with Faraday's law on induction, the 10
induced electromotive force c on the sensor is
The response at the w* is
d (DBTX
lz 1BRx( T, ^*) =
	
dt io
4n
1 z
L—r^*C^ +[Rm;a[1 +a(m;a— T)]]z
(12)
The sensor's resistance, R, is dependent upon temperature, T,
and can be referenced to a baseline minimum temperature,
T_i,,, by the following relationship	 20 The amplitude difference is
R=LRm,,, l+a(T sn T]	 (8)
d(DeTx(13)
where R_,, is the sensor minimum resistance at T_,,,, and 	 ^^ dt
	 1BRX (T,^r) -BRX ( T, ^* ) =	 ^
	
-
25	 4)T	 [R.;, [1 + a(T ,;a — T)]]z
1	 (9)
a (234.5+T,;,,) 1
z
L— 1 +[Rm;a[ l +a( m;a —T)]]z
Any temperature can be used for T_,,,. For example, if the 30 	 w*c
minimum resistance, R_,,,, occurs at T_,,-O'
	
, 0° C., then	 dl;sine,
a-0.00427.	 ,.	 r,2
The sensor response, BRX(T), is dependent upon tempera-
ture for fixed capacitance and inductance by the following 35 Where
relation
1	 (14)
S* = w*L-
c)*C
d(DBTX
	 (10)	 Because
BRx (R)
dt 
ao	 J ( d l; sing;	 40
	
lz	
.
	
— ^4n	 V + [R.i [1 + a(m;a — T)] ]z i-1^'	 ri	 S*z + [Rmi [1 + a(m;a — T)]]z > Rmi [1 + a(m;a — T)]	 (15)
and
BRX(T) is dependent on temperature, inductance, capaci- 45 1	 1	 (16)
tance, and resistance at a reference temperature in degrees Rm;a [1 + a(m;n - T)] > s*2 + [Rm;,, [1 + a(m;,, - T)]]2
Celsius. Using this relationship, one can readily see that the
bandwidth increases monotonically with temperature. The
total sensorresponse received by the receiving antenna would
be the summation of the response for each point on the 50 the above expression is monotonic with respect to T for fixed
antenna. S*. Therefore,
Once the resonant frequency and its respective amplitude R(T -f(B(zw,)-B(zw*)) 	 (17)
for a particular sensor 12 have been identified, the response
amplitude produced using the harmonic at a prescribed num- Normalized to the maximum response amplitude, BRX mom,ber prior to that producing the maximum response is then 55 R(T) is
acquired. The resistance is inversely proportional to the dif-
ference of the amplitudes. The justification for such a tech-
nique is presented below.
BRX (T, w,) - BRX (T, w)	 (1 s)
The bandwidth of the response is proportional to the circuit R(T)=f(	 BRXm—(T,&)--)
resistance. However, to measure bandwidth one would need 60
to identify the response peak and then measure the response
curve on either side of the peak to ascertain the 3 dB reduc-
tions in amplitude. To identify the 3 dB reduction would The resonant that produces B Rxm_isWr _ax. The final expres-
require measuring all amplitudes for each discrete harmonic sion is not closed form but it does indicate that resistive
until the reduction amplitudes are identified. The present 65 measurements can be derived from the difference in ampli-
invention presents a simplified method to identify resistance tudes, BRX(w,)-BRX(w *). Once the resistance correlation to
by examining how much the amplitude is reduced from the amplitude difference,
9R lfrBRX ((0r) — BRx ((0' ) 1
BRXm—((O--) J
US 7,814,786 B2
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The inductance is
L = L(x) = BRX (T, x)
5	 ^
(23)
has been characterized, this method requires only two ampli-
tude measurements to determine resistance as compared with
the multiple measurements required to determine 3 dB reduc-
tion. The same correlation can be done directly with tempera-
ture since resistance is dependent upon temperature. The
amplitude difference is normalized to the resonant amplitude
to have this value be independent of the interrogation
antenna-sensor separation distance.
The present invention can also be used to monitor fluid
level by modifying Equation (12) to include the presence of
material in the sensor's magnetic field. Once again, sensor 12
is placed external to non-conductive container 100. Non-
gaseous material/substance contents 102 fills the lower por-
tion of container 100 to level x. Part of the sensor trace
overlaps that portion of the container. When sensor 12 is
powered via recorder 16 using Faraday induction, a current, i,
is created along the trace. The responsive magnetic field,
dBRx(T,x)_ ,_,, along any part of the trace of length, d@, that
is exposed to the wall of container 100 and contents 102, is
d (DBTX	 (19)
d r d l; sing;
	
dBRX (T, x),_,,s
 
= ["f 1
	
jo
	
4n	 S2	 r"+ [Rm;n [1 + a(m;n — T)llz
Theresponse frequency from sensor 12 is dependent upon the
inductance and corresponds to the level of contents 102 inside
10 container 100 as follows
1	 (24)
m = 2n L(x)C .
15
Note that Equation (24) is still valid if the sensor is placed
within a container as long as a portion of the sensor is placed
external to the container or the antenna is placed within the
20 container. If the container contents are electrically non-con-
ductive and non-viscous, the sensor can be placed in the
container without being encapsulated (i.e., the contents are
exposed to the sensor's electric field between the sensor's
conductive neighboring traces). The contents have a perme-
25 ability value within the sensor's magnetic field and dielectric
value within the sensor's electric field. The capacitance
changes correspondingly as the electric field is exposed to the
container contents. The electric field is located between the
traces of sensor 12. If the sensor is exposed to non-viscous
30 contents, the change in capacitance must also be included in
the response equation in a manner similar to the development
of Equations (22) and (24) so that
where µ f is the complex magnetic permeability of the wall of 35
container 100 and contents 102. The other part of the mag-
netic field is exposed only to the wall of container 100 and air,
and is
40
1	 (25)
wn =
2n L(x)C(x)
and
1	 (26)
S= ^^1-(x) — &)C(X)^
	
d (DBTX	 (20)
dt	 ;o	 dl;sin0idBRX(T, x)_tne. _ ^4c
S2
 + [Rm;a [l +	 a(m;a — T)l]2	 r"
where µc is the complex magnetic permeability of the con-
tainer wall and the air.
The damped natural frequency, w d, of sensor 12 is what is
interrogated by the magnetic field response recorder, When
the sensor is excited with magnetic field harmonics whose
45 frequency is that of the damped natural frequency, the sensor
magnetic field response will be at its maximum amplitude.
The damped natural frequency is dependent upon resistance
of the sensor and is
The total magnetic field produced by sensor 12 is 	 50
BBX(T,x) fdBBX(T,x)fl,F, -d^+fdBBx(T,x),—.i,,,r-de, 	 (21)
	
2^L 
R
(x)^ 
z	 (27)
The first term in Equation (21) is integrated over all elements,
d@, of sensor 12 that overlap contents 102. The second term is
integrated over the remaining elements of sensor 12 and is 55 Substituting Equation (8) for R yields
1( [Rm;a [l + a(m;a — T)1] 2 ) 2 	 (28)60	 (Id = (" 2
	 L x
Equations (22) and (28) show that sensor response ampli-
tude, bandwidth and frequency are dependent upon the con-
65 tents' level and temperature. Combinations of measured fre-
quency and amplitude (bandwidth) can be correlated to
combinations of contents' level and temperature allowing the
1	 (22)
BRx(T, x)conro;ne. 
_ 14n1
d (DeTX 	(d l; sing;of J	 +
dt	 rI	 Exposed
'0
Sl]2	 Jcf
 
dl; sing;
r 	 Non-exposed
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container. The wireless activation and reading of the sensor
eliminates the need for any special wiring and wire dressing.
If the sensor is broken, punctured or torn such that some of
the trace portions are severed from the electrically conductive
5 geometric pattern, the single sensor will result in one or more
concentric inductively coupled sensors, as long as the remain-
ing trace portions can hold an electric field and a magnetic
field. A detailed discussion of the manner in which the sensor
10 can be damaged and continue in use is disclosed in co-pend-ingU.S. patent application Ser. No. 11/864,012, filed Sep. 28,
2007, the contents of which are hereby incorporated by ref-
erence. If the sensor can hold a magnetic field after damage,
it can be automatically recalibrated for use using co-pending
15 U.S. patent application Ser. No. 11/930,222, filed Oct. 31,
2007, the contents of which are hereby incorporated by ref-
erence.
In some applications, it may be desirable to use the sensor
described herein to monitor one or more of level, temperature,
20 magnetic permeability and electrical dielectric constant of a
non-gaseous material in an electrically conductive container.
Several embodiments of the present invention for monitoring
a non-gaseous material in an electrically conductive container
are shown in FIGS. 11 and 12. These embodiments can be
25 used as either a new or replacement fluid measurement sys-
tem that can take the analog output from the magnetic field
response recorder 16 and direct it to an existing gage. The side
and top views of a first embodiment are shown in FIGS. lla
and llb. Sensor 12, used for sensing the attributes of the
30 contents 102 of electrically conductive container 200,
extends beyond the height h. The sensor 12 can either be
encapsulated in a housing 202 made of electrically non-con-
ductive material or embedded in a non-conductive material.
The material of housing 202 and the embedding material
35 must be chemically andthermally resilient to the environment
to which the sensor 12 is anticipated to be exposed, and
electrically non-conductive. A mounting flange 204,
mechanically coupled to housing 202, is used to secure, such
as by fasteners (e.g., threaded screws) through holes 206a
40 mechanically connected to container 200 using threaded
holes 206b or other appropriate means, the sensor/antenna
assembly 208 to container 200. The antenna 164 can be
placed within the housing 202, but, to prevent any direct
current from entering the container 200, it should not extend
45 below the flange 204. When a housing 202 is used, a means
212 should be used to maintain a constant spacing between
the antenna 164 and the sensor 12 to maintain the position of
the antenna 164 with respect to the sensor 12 and the sensor
position with respect to the housing wall. Such means can
50 include the housing material. The antenna 164 is directly
connected to magnetic field response recorder 16 via hard
wire connection 18. As discussed earlier, if the container
contents 102 are electrically non-conductive and non-vis-
cous, sensor 12 can be placed in the container 200 without
55 being encapsulated (i.e., the contents are also exposed to the
sensor's electric field between the sensor's conductive neigh-
boring traces).
In a further embodiment, shown in FIG. 12, antenna 164 is
placed outside the sensor housing 202. This embodiment can
6o be used as either a new or replacement fluid measurement
system that can take the analog output from the magnetic field
response recorder 16 and direct it to an existing gage. When
this embodiment is used, the antenna 164 from the magnetic
field response recorder 16 can be placed outboard of a bulk-
65 head or vapor barrier 214, as shown in FIG. 12a or attached to
a bulkhead/vapor barrier 214 between the sensor 12 and the
bulkhead/vapor barrier 214, as shown in FIG. 12c. A bulk-
11
sensor to be used to concurrently measure both quantities.
That is, by knowing either the response frequency and ampli-
tude or the response frequency and bandwidth, one knows the
corresponding temperature and contents level.
At any fluid level, the highest frequency and response
amplitude (smallest bandwidth) occur at T_ ,,, and are respec-
tively written as
	
1 Rm;n	 (29)
wd	
^" 2^1(x))^
and
d (DeTx
	
d l; sing;	 (30)
l2f f	 +
	
1	 dt	 Y^	 Exposed
'0BRx(T , x) o m;ne. = q^	
S2 +R2"
	
(dl; sing;
l^	
Yi	 Non-exposed
As the temperature increases, the damped natural frequency
and response amplitude decrease, while the bandwidth
increases. Equations (22) and (28) are both dependent upon
temperature and container contents level.
If the contents of the container are not emptied/ejected with
time but experience a physical change (e.g., biological decay
such as when food ages, chemical change such as occurs with
car battery fluid, material phase transformation, etc.), the
physical behavior of the sensor described in Equations (22)
and (28) can be used to monitor those changes within a
non-conductive container. The material magnetic permeabil-
ity, µ f(t), changes with time. As a result, the response ampli-
tude, BRX(T,x)eO„tai„er. and damped natural frequency, co ,
also change with time in accordance with the following
respective relationships
1BRX (T, x) _ti,
	
(31)
" 
_ IT ]
d $BTX d l; sing;µf W	 +
	
dt
'o
	Y,2	 Exposed
	
S2 + [R.;, [i + a(	 (m;n — T)112
	^ J 
d l; sing;
YI	 Non-exposed
and
1 [Rmi, [1 + a( m;n — T)11 2	 (32)&)d = &)n — 2	 L(x)
The material dielectric value also changes with time and
affects the response frequency, amplitude and bandwidth if
the material is exposed to the sensor's electric field as is the
case if the sensor is not encased and is directly exposed to the
material.
The advantages of the present invention are numerous. A
variety of attributes of a non-gaseous substance/material can
be monitored concurrently without placing any device in a
container that houses the substance/material. The sensor and
housing portions of the present invention are simple and
inexpensive to manufacture. Further, the sensor and housing
are readily adapted to work with a variety of types of contain-
ers. Existing containers need not be modified as a sensor and
housing can simply be placed adjacent to the container where
"adjacent" includes attachment of the sensor's housing to the
US 7,814,786 B2
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	head/vapor barrier as just described can also be used with the 	 7. A wireless sensing system as in claim 6, further com-
embodiments shown in FIG. 1. 	 prising a vapor barrier between said antenna and said con-
	
The invention has been described as a single sensor, but the 	 tainer.
	
geometric patterns 12 can be used in tandem for non-invasive 	 8. A wireless sensing system for simultaneously monitor-
sensing the contents of a container using the sensing and 5 ing one or more of level, temperature, magnetic permeability
	
interrogation technique described in co-pending U.S. patent 	 and electrical dielectric constant of a non-gaseous material in
	
application Ser. No. 11/671,089, filed Feb. 5, 2007, the con- 	 an electrically non-conductive container, said system com-
	
tents of which are hereby incorporated by reference. FIG. 13	 prising:
	
illustrates an array 300 of three sensors 12a-c. FIG. 14 illus-	 an environmentally-sealed housing that is electrically non-
	
trates three sensors 12a-c encased in housing 14 powered and 	 10	 conductive, said housing adapted to be positioned adja-
	
interrogated using magnetic field response recorder 16. 	 cent to an electrically non-conductive container that
	
Antenna 164 is placed in front of sensor 12a to power and 	 stores a non-gaseous material having magnetic perme-
	
interrogate sensors 12a-c via inductively coupling. Each sen- 	 ability and electrical dielectric properties, said housing
	
sor can be used to measure or monitor the physical properties 	 defining a chamber spanning a selected height of the
of the contents 102 of container 100.	 15	 container;
	
Although the invention has been described relative to a 	 an electrical conductor having first and second ends and
	
specific embodiment thereof, there are numerous variations 	 shaped to form a two-dimensional geometric pattern
	
and modifications that will be readily apparent to those	 between said first and second ends, said conductor in
	
skilled in the art in light of the above teachings. It is therefore 	 said geometric pattern and portions thereof defining an
	
to be understood that, within the scope of the appended 	 20	 open-circuit that can store and transfer electrical and
	
claims, the invention may be practiced other than as specifi- 	 magnetic energy, said conductor resonating in the pres-
cally described.	 ence of a time-varying magnetic field to generate a har-
	
What is claimed as new and desired to be secured by	 monic response, said conductor mounted in said cham-
Letters Patent of the United States is:	 ber such that said geometric pattern substantially spans
1. A wireless sensing system for simultaneously monitor- 	 25	 said selected height of the container at a fixed distance
	
ing one or more of level, temperature, magnetic permeability 	 from the container and in a fixed orientation with respect
	
and electrical dielectric constant of a non-gaseous material in	 to the container; and
	
an electrically non-conductive container, said system com-	 a magnetic field response recorder for wirelessly transmit-
prising:	 ting said time-varying magnetic field to power said con-
	
an environmentally-sealed housing that is electrically non-	 30	 ductor and for wirelessly detecting said harmonic
	
conductive, said housing adapted to be positioned adja- 	 response that is an indication of at least one of level of
	
cent to an electrically non-conductive container that 	 the material in the container, temperature of the material
	
stores a non-gaseous material having electrical dielec- 	 in the container, magnetic permeability of the material in
	
tric and magnetic permeability properties, said housing 	 the container, and dielectric constant of the material in
spanning a selected height of the container; 	 35	 the container.
	
an electrical conductor having first and second ends and 	 9. A wireless sensing system as in claim 8 wherein said
	
shaped to form a two-dimensional geometric pattern	 conductor comprises a thin-film trace defining said geometric
	
between said first and second ends, said conductor in	 pattern.
	
said geometric pattern and portions thereof defining an	 10. A wireless sensing system as in claim 9 wherein the
open-circuit that can store and transfer electrical and 40 width of said trace is non-uniform.
	
magnetic energy, said conductor resonating in the pres- 	 11. A wireless sensing system as in claim 9 wherein the
	
ence of a time-varying magnetic field to generate a har- 	 spacing between adjacent portions of said trace is non-uni-
	
monic response, said conductor mounted in said housing 	 form.
	
such that said geometric pattern substantially spans said 	 12. A wireless sensing system as in claim 8 wherein said
selected height of the container; and 	 45 geometric pattern is a spiral.
	
a magnetic field response recorder for wirelessly transmit- 	 13. A wireless sensing system as in claim 8 wherein said
	
ting said time-varying magnetic field to power said con-	 magnetic field response recorder includes a transceiving
	
ductor and for wirelessly detecting said harmonic	 antenna mounted in said housing and spaced apart from said
	
response that is an indication of at least one of level of 	 conductor so-shaped in said geometric pattern.
	
the material in the container, temperature of the material 	 50	 14. A wireless sensing system as in claim 13, further com-
	
in the container, magnetic permeability of the material in 	 prising a vapor barrier between said antenna and said con-
	
the container, and dielectric constant of the material in	 tainer.
the container.	 15. A wireless sensing system for simultaneously monitor-
2. A wireless sensing system as in claim 1 wherein said
	
ing one or more of level, temperature, magnetic permeability
conductor comprises a thin-film trace defining said geometric 55 and electrical dielectric constant of anon-gaseous material in
pattern.	 an electrically conductive container, said system comprising:
3. A wireless sensing system as in claim 2 wherein the 	 an environmentally-sealed housing that is electrically non-
width of said trace is non-uniform. 	 conductive, said housing adapted to be partially posi-
4. A wireless sensing system as in claim 2 wherein the 	 tioned in said electrically conductive container that
	
spacing between adjacent portions of said trace is non-uni-	 60	 stores a non-gaseous material having electrical dielec-
form.	 tric and magnetic permeability properties, said housing
5. A wireless sensing system as in claim 1 wherein said 	 spanning the height of said container and extending for
geometric pattern is a spiral. 	 a selected distance beyond said container height;
6. A wireless sensing system as in claim 1 wherein said 	 an electrical conductor having first and second ends and
	
magnetic field response recorder includes a transceiving 	 65	 shaped to form two-dimensional geometric pattern
	
antenna mounted in said housing and spaced apart from said
	
between said first and second ends, said conductor in
conductor so-shaped in said geometric pattern. 	 said geometric pattern and portions thereof defining an
US 7,814,786 B2
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open-circuit that can store and transfer electrical and
magnetic energy, said conductor resonating in the pres-
ence of a time-varying magnetic field to generate a har-
monic response, said conductor mounted in said housing
such that said geometric pattern substantially spans said 5
height of said housing; and
a magnetic field response recorder for wirelessly transmit-
ting said time-varying magnetic field to power said con-
ductor and for wirelessly detecting said harmonic 10
response that is an indication of at least one of level of
the material in said container, temperature of the mate-
rial in the container, magnetic permeability of the mate-
rial in the container, and dielectric constant of the mate-
rial in the container.	 15
16. A wireless sensing system as in claim 15 wherein said
conductor comprises a thin-film trace defining said geometric
pattern.
17. A wireless sensing system as in claim 16 wherein the
width of said trace is non-uniform.
16
18. A wireless sensing system as in claim 16 wherein the
spacing between adjacent portions of said trace is non-uni-
form.
19. A wireless sensing system as in claim 15 wherein said
geometric pattern is a spiral.
20. A wireless sensing system as in claim 15 wherein said
magnetic field response recorder includes a transceiving
antenna mounted in said housing and spaced apart from said
conductor so-shaped in said geometric pattern.
21. A wireless sensing system as in claim 15 wherein said
magnetic field response recorder includes a transceiving
antenna mounted apart from said housing and from said con-
ductor so-shaped in said geometric pattern.
22. A wireless sensing system as in claim 21, further com-
prising a vapor barrier between said antenna and said con-
tainer.
23. A wireless sensing system as in claim 21 wherein said
antenna is positioned between a vapor barrier and said con-
tainer.
